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2thickness of  30 pc (Bally et al. 1988, Morris & Serabyn
1996). If the magnetic eld strength is 1 mG, then the
magnetic pressure B
2





















. The thermal pressure
of the ambient medium is thus unable to conne milli-
Gauss elds, whether they are ubiquitous or in the form
of isolated narrow ux tubes. In addition, since the hot
plasma is itself unconned, it would be unable to conne
a ubiquitous vertical eld even if its pressure were greater
than the magnetic pressure.
The only force capable of conning a pervasive verti-
cal mG eld in this central region is the weight of the
molecular material. Interestingly, the polarization of dust
emission indicates that the molecular material is threaded
by horizontal (i.e., k to the Galactic plane) magnetic elds
(Morris & Serabyn 1996). Because this horizontal eld
B
cloud
is perpendicular to the vertical magnetic eld in the
hot plasma B
vert
, it is diÆcult for the two types of mate-
rial to interpenetrate, and thus the weight of the molecular
material has the potential to prevent a strong vertical eld
from expanding. In this paper, the cylindrically symmet-
ric equilibrium of gure 1 is proposed as a starting point
for investigating the ability of the molecular material and
horizontal magnetic eld to conne the vertical eld. It
is assumed in this model that the molecular material is
conned to a homogeneous annular band.
To make a compact analytic treatment possible, the
stability of the cylindrically symmetric equilibrium is ex-
plored under a number of additional simplifying approx-
imations. Most signicantly, the equilibrium is treated
as an innite slab, symbolically depicted in gure 2 and
described in section 2, with the eective acceleration of
gravity g taken to be the true gravitational acceleration
minus the centripetal acceleration associated with Galac-
tic rotation, and with the magnetic eld everywhere per-
pendicular to g. It is assumed that the partial ionization
within the molecular clouds is suÆciently high and that
the frequencies of any instabilities are suÆciently small
compared to the neutral-ion collision frequency that am-
bipolar diusion can be ignored. The molecular clouds are
then treated as a fully ionized dense MHD plasma. The
hot plasma is taken to be less dense than the partially ion-
ized clouds, but is for simplicity taken to have the same
temperature as the clouds, with the weight of the clouds
supported primarily by magnetic pressure. Although the
isothermal model is not faithful to the large dierence in
temperature between the two phases, the temperature dif-
ference is not expected to play an important role in the
global gravitational stability of the equilibrium. A very
similar system in which magnetized plasma is suspended
above a vacuum has been investigated by Gratton et al.
(1988) and Gonzalez & Gratton (1990). The present paper
builds upon results from these previous papers.
In section 3 the slab equilibrium is found to be unstable
to a global gravitational mode in which the interface be-
tween the high- and low-density plasmas is perturbed. The
stability analysis involves solving for the displacement in a
boundary layer at the interface between the high-density
and low-density plasmas. Because the magnetic eld in
the high-density plasma is ? to the magnetic eld in the
low-density plasma, there is always eld-line bending re-
gardless of the direction of a perturbation's wave-vector
in the plane parallel to the interface. For this reason, at
suÆciently small wavelengths the mode is stabilized by








small, then there are unstable modes at wavelengths that
are small compared to the scale height L
+
of the dense
plasma in the slab equilibrium of gure 2. This is because
as 
cloud
is reduced, the dense plasmabecomes increasingly
compressible along the magnetic eld, and compressions
allow gravity to play a greater destabilizing role.
In section 4, the stability analysis of the slab equilibrium
is extrapolated to the cylindrically symmetric equilibrium
of gure 1 under the assumptions that the vertical and ra-
dial scale heights of the molecular material in gure 1 are
comparable ( L
+
), and that any instability of the slab
equilibrium at wavelengths  L
+
is also present in the
cylindrically symmetric equilibrium, since on scales  L
+
the curvature and vertical scale height of the cylindrical
equilibrium are unimportant. Since the slab equilibrium









=8 not be much greater than the thermal pressure
of the molecular material p
cloud
|otherwise, pressure bal-








 1. This means
that B
vert
can not be much greater than 50G. If the ex-
trapolation from the slab to the cylindrically symmetric
equilibrium is correct, and if another equilibrium can not
be found in which pervasive mG vertical magnetic elds
can be stably conned, then there will be a powerful argu-
ment for questioning the presence of mG vertical magnetic
elds in the central 150 pc of the Galaxy.
In section 5 the arguments used to infer milliGauss elds
at the Galactic center are reviewed, and in section 6 the
main conclusions of the paper are summarized.
2. slab equilibrium
In the slab equilibrium, the gravitational acceleration g
is taken to be in the  y^ direction [following the notation
of Gratton et al. (1988)], and g is assumed constant. It
is also assumed that the equilibrium magnetic eld within
the high-density dense medium has a single direction that
is ? to y^, and that the equilibrium magnetic eld within
the low-density plasma has a single direction ? to y^. These
two directions, however, are not the same. The transition
between the two phases is taken to occur in a narrow layer
centered at y = 0.
The equilibrium pressure p, eld strength B, and den-










The plasma is assumed to have an isothermal equation of





constant for all values of y. The dense medium (at y > 0)































4 within the dense plasma, de-
noted C
A+























A similar solution is taken to hold within the low-density



















































It is assumed that the transition between the solution of
equations (2) through (4) and the solution of equations (8)




The magnetic eld changes direction within the transition
layer, but remains in the xz-plane. Pressure equilibrium
















3. global gravitational instability of the slab
equilibrium
Gratton et al. (1988) showed that if the equilibrium of
section 2 is perturbed by the Lagrangian displacement vec-
tor




z   iwt); (15)






























































































Equation (16) is valid for all y.
1
(It is assumed that the
narrow transition layer is suÆciently wide that the viscous
and resistive terms can be neglected.)


















































































Solutions to equation (28) with

+
 O(1); and (29)

  O(1) (30)
will now be found for the equilibrium described in section
2, where  O(1) mean \of order 1," whereas any positive
power of  is taken to be small. To nd such solutions, one









+ : : : ; (31)
solves for  for ~y   (within the dense plasma), for ~y 
  (within the low-density plasma), and for  1  ~y  1
(within the boundary layer separating the two phases),
and then matches the solutions in the three regions at
each order to obtain the eigenvalues of w. These are given









+ : : : ; (32)
and thus h, M , and 
 are also expansions in . To deter-
mine w
(0)
, it is suÆcient to nd 
(0)
in the three regions
and 
(1)
in the boundary layer, as will now be shown.
3.1. Solution for ~y  



















































are the constant values of h and M for ~y  





















is assigned the positive imag-
inary root so that the total kinetic energy of the mode is





(Gratton et al. 1988).]
1
Contrary to what is suggested by Gonzalez & Gratton (1990), equation (16) is invalid for an isothermal equilibrium if the uctuations obey
an adiabatic equation of state, p
 
= constant, with  6= 1. If the equilibrium and perturbations are constrained to obey dierent equations
of state, then additional terms appear in equation (16).











































































are expansions in powers of . In










negative imaginary root so that the total kinetic energy of
the mode is nite.
3.3. Solution in the boundary layer at ~y = 0
Let
~y  u: (37)














































Because the transition between the high- and low-density





































is a constant. For the boundary-layer solution to
match onto the outer solutions, d
(0)
BL


















































3.4. Asymptotic matching of the three solutions to obtain
the eigenvalues of w
The dense-plasma and boundary-layer solutions must
match at each value of u within the interval 1 u 
 1
.
It is suÆcient to match the two solutions at u  
 1=2
.

















+ : : : (44)









+ : : : (45)





























) for u  
 1=2
: (47)
The matching region for the boundary-layer and low-
density-plasma solutions is taken to be u   
 1=2
, in






















+ : : : (48)































for u   
 1=2
: (50)















































































This is the dispersion relation for w
(0)
, which is in general
dierent from the result of Gonzalez & Gratton (1990)
for an isothermal-plasma/vacuum interface, but which re-
duces to their result in a special case of interest, as will
now be discussed.



























































Equation (52) is the same as equation (13) of Gonzalez &
Gratton (1990) when the magnetic eld in the vacuum in
their model, which occupies the half-space y < 0, is or-
thogonal to k
T
. If one in addition assumes that cos = 1
in the dense plasma, which implies that the magnetic elds
in the high-density and low-density plasmas are orthogo-














































which is the dispersion relation found by Gonzalez & Grat-
ton (1990) for a plasma-vacuum interface, when cos = 1
in the plasma at y > 0 and cos = 0 in the vacuum.
The equivalence of the dispersion relations in this spe-
cial case arises because in both the plasma/vacuum and
5plasma/plasma systems, eld line bending at y < 0 plays
no role, and the mode is governed by gravity and eld-
line bending within the plasma at y > 0. As shown by
Gonzalez & Gratton (1990), the   sign in equation (53)













In the low- limit (  2=M
2
A











Gonzalez & Gratton (1990) derived formulas for the most
unstable wave number k
m
and maximum growth rate 
m
.




















For orthogonal elds in the high-density and low-density







is the magnetic eld in the low-
density plasma, since on average for jyj < L
+
the magnetic





implies no eld-line bending within
the low-density plasma (Gratton et al. 1996). Thus, equa-
tion (54) and its low- limit, equation (55), are expected
to be necessary conditions for instability
4. implications of stability analysis for the
galactic-center magnetic field
In section 3 the instability criterion [equation (54)] for
surface modes of the innite-slab equilibrium of gure 2
was derived. In order to extrapolate qualitatively from
the slab-equilibrium to the two-dimensional equilibrium
of gure 1, it is assumed that in the equilibrium of gure 1
the scale height of the molecular material in the radial di-
rection in the Galactic plane is approximately the same
as in the vertical direction. It is also assumed that in-
stabilities of the innite-slab equilibrium at wavelengths
 L
+
are present in the two-dimensional equilibrium of
gure 1, while instabilities of the innite-slab equilibrium
at wavelengths & L
+
are not relevant to the 2D equi-
librium since the vertical structure of the 2D equilibrium
would be important on such scales. Given these assump-
tions, equations (54) and (55) suggest that the equilibrium
of gure 1 is unstable to global gravitational modes when
the magnetic pressure of the vertical magnetic eld B
vert
in the hot medium greatly exceeds the thermal pressure
of the molecular clouds p
cloud






, pressure balance across the cloud/hot-














 1. If 
cloud
 1,
then equations (7) and (55) imply that there are grav-
itational surface instabilities at wavelengths signicantly
smaller than L
+





temperature of 70 K, stability requires that the vertical
magnetic eld not be  50G.
Given the assumptions underlying this argument, the
condition that B
vert
can not be 50G is only suggestive.
Moreover, only one possible equilibrium has been consid-
ered, and other equilibria might be stable. However, the
arguments presented indicate that it is not straightforward
to use the gravitational weight of the molecular material
to conne milliGauss vertical magnetic elds.
5. dynamical estimates of the field strengths in
radio filaments
All of the radio laments that have been studied in de-
tail near the Galactic center appear to be interacting with
at least one randomly moving molecular cloud, and yet
most are undeformed at the sites of interaction (Morris &
Serabyn 1996). If the magnetic eld were dynamically in-
signicant, one would expect the turbulent motions of the
clouds to cause turbulent bulk motions in the hot plasma
that would deform the frozen-in magnetic eld lines. The
lack of deformation gives a lower limit on the eld strength
in the laments that depends upon how many indepen-
dently moving clouds (or clumps within a cloud) interact
with a single lament, and also upon the details of how
the clouds and laments interact.
If a vertical lament interacts with a single molecular
cloud at a single point along its length, then the lower
limit on its eld strength is fairly small. Since the vertical
eld B
vert
threads the very tenuous hot plasma, there is
very little mass to anchor the ends of the vertical eld line
above and below the Galactic disk. Any deformation in
the eld line in the galactic plane by an interaction with
a molecular cloud is carried away along the eld line at
the Alfven speed of the hot medium, C
A;hot
. In order for
the visible deformations in the laments to be small, the
Alfven speed in the hot mediummust be much larger than
the turbulent speed of the the clouds V
cloud
with respect to
the ends of the lament. The angle at which a eld line is























is the number density of the hot plasma. If
V
cloud








As pointed out by Yusef-Zadeh & Morris (1987) and
Morris & Serabyn (1996), if a lament interacts with
clouds at more than one point along its length, as happens
in the Radio Arc, then the lower limit on the eld strength
may be considerably greater than in equation (58). If two
dierent clouds push in dierent directions on a single l-
ament, then to avoid deformation the lament must either
slip rapidly around the clouds or dynamically oppose the
force applied by the cloud. In addition, if each cloud con-
sists of independently moving clumps, then a lament in-
teracting with a single cloud may be simultaneously forced
in multiple directions at dierent points along its length
(Morris & Serabyn 1996). The minimum eld strength
implied by the observations then depends upon the degree
to which laments can slip around clouds, the amount of
magnetic tension required for a lament to slice through
a cloud, and also the dierence in the clouds' velocities at
dierent points along a single lament (i.e., on a single line
? to the Galactic plane, the velocity dispersion may be less
than the overall velocity dispersion). If the condition for
6avoiding deformation is that the magnetic pressure must
exceed the ram pressure of the clouds, then B
vert
> 1 mG
(Yusef-Zadeh & Morris 1987).
6. conclusion
This paper addresses the question of whether a pervasive
milliGauss vertical magnetic eld within the central 150
pc of the Galaxy can be conned. A simple 2D model for
the equilibrium in this central region is proposed in which
horizontal magnetic elds threading a ring of molecular
material enclose vertical magnetic elds embedded in hot
plasma (gure 1). Since orthogonal magnetic elds can
not easily interpenetrate, the horizontal magnetic eld in
this equilibrium can transfer the weight of the molecular
material to the hot plasma and vertical magnetic eld, po-
tentially providing connement. The stability of such an
equilibrium is studied indirectly by treating the equilib-
rium as an innite slab, with dense plasma (representing
the partially ionized molecular clouds) suspended above
rareed plasma, with the orthogonal magnetic elds in the
dense and rareed plasmas in the xz plane, and with the
eective acceleration of gravity g (true gravitational accel-
eration minus the centripetal acceleration of Galactic ro-
tation) in the  
^
y direction. Perturbations of the interface
between the dense and rareed plasmas are found to be
unstable on wavelengths shorter than a critical wavelength
that depends upon g and the sound and Alfven speeds in
the dense plasma. The results of the slab-equilibrium cal-
culation are extrapolated on a qualitative basis to argue
that the two-dimensional equilibriumof gure 1 is unstable
if the magnetic pressure of the vertical magnetic eld B
vert
greatly exceeds the thermal pressure in the molecular ma-
terial, or if B
vert
 50G for Galactic-center parameters.
If this qualitative argument is correct, then milliGauss ver-
tical elds can not be stably conned using the weight of
the molecular material in the kind of equilibrium that has
been proposed. If an equilibrium can not be found that can
stably conne pervasive vertical milliGaussmagnetic elds
at the Galactic center, then a powerful argument will be
added in favor of other interpretations (Morris 1996, Mor-
ris & Serabyn 1996) of the Galactic-center radio laments.
I would like to thank Steve Cowley and Mark Morris for
valuable discussions.
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Fig. 3.| Because the eld lines in the hot low-density plasma are not anchored above or below the Galactic plane, they remain almost
straight if they interact with a cloud at only a single point along their length provided the Alfven speed in the hot plasma C
A;hot
is V
cloud
.
